Background. Ganciclovir-resistant (ganR) cytomegalovirus (CMV) is an emerging and important problem in solid organ transplant (SOT) recipients. Only through direct comparison of ganR-and ganciclovir-sensitive (ganS) CMV infection can risk factors and outcomes attributable specifically to ganciclovir resistance appropriately be determined.
Ganciclovir-resistant (ganR) cytomegalovirus (CMV) infection in solid organ transplant (SOT) recipients has been increasingly reported, particularly with the use of more potent immunosuppression and increased durations of antiviral drug exposure. Prior studies have reported that the incidence of ganR-CMV is associated with type of organ transplanted, CMV serostatus of the recipient and the donor, lower doses or longer duration of ganciclovir prophylaxis, high CMV viral loads, and more intensive immunosuppression [1] [2] [3] [4] [5] [6] [7] [8] . Additionally, ganciclovir resistance has been associated with longer hospitalization and increased mortality [5] . Important limitations of these studies have included small patient numbers, limited information on clinical outcomes, and cohort study designs that compared patients with ganR-CMV to all other patients (including those without CMV infection). With these cohort study designs, the risk factors and outcomes that have been reported to be associated with ganR-CMV could not be directly attributed to ganciclovir resistance. Thus, a study design that directly compares ganR-CMV and ganciclovir-sensitive (ganS) CMV is crucial to identify risk factors and outcomes that can be specifically attributed to ganciclovir resistance.
Only 4 small prior studies included direct comparisons of patients with ganR-to those with ganS-CMV. Young et al focused on abdominal organ recipients and the association of ganciclovir resistance with alemtuzumab use. The sample size was small (10 patients with genotypically confirmed ganR-CMV), and their findings were predominantly descriptive [9] . Timpone et al looked at ganR-CMV vs ganS-CMV in intestinal and multivisceral organ transplant recipients, but only had 4 genotypically confirmed ganR-CMV cases and did not assess ganciclovir duration as a potential risk factor for resistance [10] . Bhorade et al compared survival in 12 lung transplant recipients with genotypically confirmed ganR-CMV to patients with ganS-CMV and found increased mortality associated with ganR-CMV [3] . Kruger et al also examined risk factors of ganR-CMV in 18 lung transplant recipients and 18 controls (14 controls with CMV viremia); however, cases were not genotypically confirmed, and survival outcomes were compared between ganR-CMV and all other lung transplant recipients, not ganS-CMV controls, precluding the ability to assess attributable impact of resistance on mortality [8] .
To address some of these important limitations of prior studies, we performed a large case-control study of genotypically confirmed ganR-CMV cases matched to ganS-CMV controls to examine risk factors and outcomes in SOT recipients that could be specifically attributable to ganciclovir resistance. A better understanding of risk factors and outcomes of ganR-CMV is an important first step in developing better preventive and therapeutic strategies. Additionally, better defining the incidence of these infections and outcomes is important for the rational design of future trials of preventive and treatment strategies for ganR-CMV.
METHODS

Cohorts
We retrospectively identified 37 adult patients transplanted between 1993-2010 at the University of Washington Medical Center who received a lung, heart, kidney, pancreas, or liver transplant and had genotypically confirmed ganR-CMV infection. Two independent data abstractors used standardized data collection forms to identify the cases, and discrepancies were resolved by primary review by an author (A. P. L.). We matched the ganR-CMV case patients approximately 1:3 to 109 adult transplant recipients who developed ganS-CMV infection during the same time period. Patients were identified through review of a prospectively maintained clinical database of SOT recipients with CMV infection/disease as previously described [11] ]), type of organ transplanted, year of transplant ±3 years, and CMV disease type (refractory viremia, CMV syndrome, tissue invasive). CMV disease definitions were adapted from published guidelines [12, 13] : Patients with compatible symptoms and CMV demonstrated in biopsy specimens by either isolation of CMV by culture or histopathology immunohistochemistry were considered to have tissue-invasive disease. Patients with symptoms and CMV viremia who did not meet tissue-invasive criteria were considered to have CMV syndrome, and patients with CMV viremia and no symptoms were considered to have asymptomatic viremia. Patient demographics, transplant details, and clinical and laboratory information were collected from comprehensive electronic health records. This study was approved by the University of Washington Institutional Review Board. Some clinical details of some of the ganR-CMV cases in this article were included in previous studies from our institution [2, 4, 6, 14] ; however, none of these studies systematically addressed the attributable risk factors for, or impact of, ganR-CMV using a case-control study design.
Immunosuppression, Rejection Therapy, and CMV Prophylaxis
CMV preventive strategies, immunosuppression regimens, and rejection treatment varied based on organ transplanted and time period, as described previously [11] . In brief, CMV prophylaxis generally included either oral ganciclovir (1 g 3 times daily) or valganciclovir (900 mg daily), both adjusted for renal function as per manufacturer recommendations. Duration of prophylaxis was generally 3 months for patients who were CMV R + and 3-6 months for D + R − patients. D − R − recipients received acyclovir prophylaxis at a dose of 400 mg twice daily for at least 3 months posttransplant.
CMV Diagnostic Testing
CMV viremia was diagnosed by either detection of pp65 antigen (earlier time period of study) or quantitative polymerase chain reaction (PCR) in blood (more recent). Pp65 antigenemia was assessed via a commercially available kit, and PCR testing was done by a laboratory-developed real-time assay, as previously described [15] .
Determination of CMV Resistance
Ganciclovir resistance testing was performed when clinically suspected, as previously described [4, 16] . In brief, indications for resistance testing included failure to achieve ≥1 log reduction in CMV viral load despite ≥2 weeks of appropriate ganciclovir or valganciclovir treatment, or failure to have a significant improvement in clinical symptoms despite 2 weeks of full-dose ganciclovir or valganciclovir therapy. CMV genotypic resistance testing was performed using well-validated assays, as described previously [17, 18] , and interpretation of UL97 and UL54 mutations conferring ganciclovir resistance was done as previously published [19] .
Statistical Analysis
We examined the association between different variables (eg, age, sex, duration of ganciclovir/valganciclovir exposure) and development of ganR-CMV infection. We also assessed the outcomes of ganR-CMV infection, compared with matched controls with ganS-CMV infection. The primary clinical outcome was mortality (3 and 12 months following CMV diagnosis), and secondary clinical endpoints included decrease in kidney function (defined as a ≥20% decrease in estimated glomerular filtration rate [eGFR] at 3 months after CMV diagnosis), number of days alive and not hospitalized in the 3 months following CMV diagnosis ("well days"), and acute allograft rejection in the first year following CMV. The χ 2 and Fisher exact (categorical variables) and Mann-Whitney (continuous variables) tests were used to compare ganR and ganS groups. The Kaplan-Meier method was used to estimate survival, and the log-rank test was used to compare survival curves. P values <.05 were considered statistically significant. All analyses were performed using Stata software version 13.1 (StataCorp, College Station, Texas).
RESULTS
Study Population (Cases and Controls)
We identified 37 SOT recipients with genotypically confirmed ganR-CMV infection between 1993 and 2010, and 109 matched SOT recipients with ganS-CMV. Table 1 shows that the cases and controls were appropriately matched on the selected variables: CMV serostatus, organ transplanted, CMV manifestation, and year of transplantation. All ganR-CMV cases had 1 or more UL97 mutations and 2 cases had an additional UL54 mutation known to confer phenotypic resistance to ganciclovir ( Table 2 ). The incidence of ganR-CMV in all SOT recipients (regardless of serostatus) was 1.0% overall (37 cases among 3647 SOT recipients during the study period) and 4 
Factors Associated With Development of GanR-CMV Infection
We examined several patient and transplant variables as potential risk factors for development of ganR-CMV vs ganS-CMV infection (Table 3) . Among 22 of 37 (59%) of the cases for whom data was available, all developed ganR during their first viral episode.
In all patients, we assessed cumulative receipt of any form of ganciclovir (oral ganciclovir, intravenous ganciclovir, and valganciclovir) prior to diagnosis and found that a longer total duration was significantly associated with development of ganR-CMV. The median exposure (range) in all ganR-CMV cases, in the subset of lung transplant only, and in non-lung transplant ganR-CMV cases is shown in (Table 4) . Lung transplant recipients received significantly less ganciclovir prior to ganR-CMV diagnosis; additionally, 3 of 17 (17.6%) of lung transplant recipients developed ganR-CMV prior to 6 weeks (after 30, 35, and 40 days) of ganciclovir exposure (the minimum recommended duration of prior prophylactic drug exposure to warrant testing for ganR in current CMV international guidelines) [16] . In contrast, none of the non-lung transplant recipients developed ganR-CMV prior to 6 weeks of ganciclovir/valganciclovir (earliest onset was after 90 days of drug exposure, followed by 124 days). The mean and median peak CMV viral loads were also significantly higher in cases than controls (Table 3) .
Treatment of GanR-CMV Infection
Treatment information was available for 35 of 37 (95%) ganR-CMV patients, and 24 (69%) received foscarnet. Other treatments included reduction in immunosuppression (as feasible), conversion to mammalian target of rapamycin (mTOR) inhibitor-based immunosuppression, use of CMV hyperimmune globulin, and/or higher than standard-dose intravenous ganciclovir.
Outcomes of GanR-CMV Infection
We compared virologic parameters (time to virus clearance), morbidity (number of days well and free from hospitalization, renal b Patient only had a UL54 mutation (no UL97).
c Patient also had a UL97 mutation (L595S).
function, rejection), and mortality outcomes between those with ganR-CMV vs ganS-CMV. Table 5 shows these outcomes, and Figure 1 shows the Kaplan-Meier survival curves for mortality at 1 year. In cases, time to virus clearance refers to the ganR-CMV episode, and in controls it refers to the first CMV episode. At the end of last follow-up (median, 48 [interquartile range {IQR}, 23-78] months for cases and 41 [IQR, 22-76] months for controls, P = .83), 14 (37.8%) patients with ganR-CMV and 26 (23.9%) patients with ganS-CMV had died. The majority of deaths in the ganR-CMV group (67%) occurred within 3 months, as compared to 11% in the ganS-CMV group, demonstrating that the greatest risk of death was proximate to the diagnosis of ganR-CMV, compatible with attributable mortality. Patients with ganR-CMV had worse outcomes in all criteria examined except acute allograft rejection in the first year after diagnosis. While acute allograft rejection in the first year was not significantly increased in the entire cohort of SOT recipients with ganR-CMV, an increased rate of acute allograft rejection was observed in the subset of kidney recipients with ganR-CMV (Table 5) . We further analyzed the association between eGFR decrease at 3 months and ganR-CMV, and found that significantly more patients with ganR-CMV had a ≥20% decrease of eGFR (Table 5 ). This eGFR decrement was specifically associated with receipt of foscarnet: 54.2% of ganR-CMV patients who received foscarnet had a ≥20% decrease in eGFR at 3 months compared with 19.4% in controls (P < .001), whereas ganR-CMV patients who did not receive foscarnet had similar rates of eGFR reduction to ganS-CMV patients (20.0% vs 19.4%, P = .97).
We separately examined the subset of lung transplant recipients, who accounted for the largest organ transplant subgroup with ganR-CMV. Both the risk factors and outcomes were generally qualitatively similar to those of the combined group of SOT recipients (Supplementary Tables 1 and 2 ), but differences between some of the associated factors and outcomes between the ganR-and ganS-CMV groups no longer reached statistical significance because of smaller numbers.
DISCUSSION
By utilizing a case-control study design, we determined the risk factors and outcomes attributable to genotypically confirmed ganciclovir resistance in a large cohort of SOT recipients. We demonstrated that development of ganciclovir resistance was significantly associated with receipt of longer prior duration of ganciclovir. Furthermore, we demonstrated that ganciclovir resistance is associated with significantly increased attributable morbidity (decreased days free from hospitalization, higher rate of renal dysfunction, and, in kidney transplant recipients, increased rejection) and mortality.
We examined several potential contributors to ganR-CMV development. CMV D established as a risk factor, and matching for this variable would allow identification of other potentially modifiable factors that might predispose to ganciclovir resistance. We found that a longer duration of all forms of ganciclovir exposure was a significant risk factor for ganR-CMV, confirming and extending results found in previous smaller studies [1] [2] [3] [4] [5] [6] 8] . If development of ganR-CMV is a direct effect of a longer duration of ganciclovir, effective CMV prevention strategies that minimize drug exposure would be expected to lead to lower resistance rates, at least among high-risk D + R − patients. Alternatively, the need for a longer duration to control CMV may be a surrogate for inadequate CMV-specific immunity or other factors, and these should be specifically assessed in future studies. We found that an important proportion (3/17 [18%]) of lung transplant recipients developed resistance after <6 weeks of prior drug exposure. However, this finding was based on small numbers. If confirmed in other studies, this would provide important information about minimum prior drug exposure associated with subsequent resistance development and has 2 important implications. First, current CMV consensus guidelines recommending resistance testing after a minimum of 6 weeks of drug exposure may miss a significant proportion of ganR-CMV in lung transplant patients. And second, future guidelines should consider inclusion of organ transplant type-specific recommendations of minimal prior drug exposure (ie, lung vs non-lung transplant recipients) that should lead to resistance testing in patients who fail to have a clinical and/or virologic response to appropriately dosed ganciclovir therapy. Previous studies have reported an association of more potent immunosuppression [4, 5, 7] or specific immunosuppressive drugs, such as anti-thymocyte globulin (ATG) or daclizumab [3, 8] , with ganR-CMV. We did not find an association in this study. One possible explanation is the high rate of induction therapy in this cohort, thereby limiting our ability to assess this as a risk factor. Alternatively, while more potent immunosuppression or induction immunosuppression might be risk factors for CMV infection/disease in general, they might not necessarily increase the risk for ganR-CMV above and beyond the risk for CMV in general.
An important unresolved issue has been whether ganciclovir resistance is truly associated with attributable morbidity or mortality above and beyond ganciclovir-susceptible CMV. Prior studies that used non-case-control study designs or small case numbers were limited in their ability to determine the attributable impact of ganciclovir resistance on morbidity or mortality. In the present study, through the use of a robust case-control study design with adequate numbers of patients, we determined that ganciclovir resistance was associated with significantly increased attributable morbidity and mortality beyond that of ganS-CMV. GanR-CMV patients had increased mortality at both 3 months (10.8% vs 0.92% in matched ganS-CMV controls) and 12 months (16.2% vs 5.5%) after diagnosis. Increased mortality among cases was most evident in the first 3 months, consistent with a direct attributable effect of ganciclovir resistance on mortality. These data suggest that future studies of new treatments for ganR-CMV incorporate this important clinical endpoint into study designs.
GanR-CMV was also associated with increased morbidity measures, including longer duration of hospitalization and decreased renal function in the 3 months following ganR-or ganS-CMV diagnosis. A recent study by Avery et al examined the outcomes associated with receipt of foscarnet specifically, reporting a high (>50%) rate of renal toxicity associated with this treatment [20] , although this included both hematopoietic cell transplant and SOT recipients. Similarly, in our study we found that 54% of ganR-CMV patients who received foscarnet had worsened renal function at 3 months. GanR-CMV has also been associated with graft dysfunction/rejection: Kruger et al described an increase incidence of bronchiolitis obliterans syndrome in lung transplant recipients with ganR-CMV, although the comparison group was all lung transplant recipients [8] . In our study, rejection in the first year following ganR-CMV diagnosis was not statistically significantly higher than ganS-CMV when analyzing all organ recipients, but was significantly higher in the subset of kidney transplant recipients. These data on attributable morbidity and mortality of ganciclovir resistance from our study provide important background information and endpoints for the design of future studies of novel treatments for ganR-CMV.
Our study has several strengths. It is the largest to date to our knowledge, and the matched case-control study design allowed us to analyze the risk factors and outcomes directly attributable to ganciclovir resistance. Only patients with genotypically confirmed ganR-CMV were included. While other studies have reported poor outcomes in ganR-CMV patients, these studies have had small numbers of patients and, with the exception of Bhorade et al, have mainly used descriptive statistics rather than formal statistical comparisons of ganR-to ganS-CMV-infected patients [3] . Our study also has potential weaknesses. Data on indication for ganciclovir use (prophylaxis vs treatment) were not collected, and so we were unable to directly examine this. Additionally, as commercial assays for blood ganciclovir levels were not widely available and were not performed during clinical care for our patients, we were unable to collect details on therapeutic vs subtherapeutic ganciclovir levels. Both of these issues should be addressed in future studies. Due to the relatively uncommon occurrence of ganR-CMV infection, our study was retrospective to maximize case numbers. Cases therefore spanned a long time period during which transplant practices have changed; however, this issue was addressed through matching by year of transplantation, and we found that the rates of ganR CMV did not change significantly over the study period. We also did not include any intestine/multivisceral transplant recipients, but this represents a very small number of transplants worldwide. As a single-center study, caution should be used when generalizing these results to other transplant centers with differing immunosuppression or other transplant practices.
In summary, using a case-control design, we identified longer duration of antiviral use as a significant predisposing factor for development of ganR-CMV in SOT recipients. Furthermore, we demonstrated that ganR-CMV has a significant attributable negative clinical impact beyond ganciclovir-susceptible CMV alone, and therefore merits improved prevention and treatment strategies. These results identify patients at greatest risk for developing ganR-CMV, provide important background data for the rational design of preventive approaches and interventional trials of novel agents for treatment of ganR-CMV, and impact future CMV consensus guidelines. If other studies of ganR-resistant CMV in lung vs non-lung transplant recipients confirm our findings, then current CMV guidelines for ganciclovir resistance testing should be revised into organ-specific recommendations (ie, lung vs non-lung transplant recipients) and the duration of prior drug exposure that should trigger resistance testing revised accordingly. Better strategies to prevent and treat ganR-CMV have the potential to improve clinically meaningful outcomes in SOT recipients.
